We show how contrast (C) affects the recognition of defocused letters. To do this, the maximum distance (threshold distance) at which a subject, with an induced refraction of -5.5 D, can recognize a letter was determined. Our results show that when C = 1, the recognition threshold distance is such that the ratio q/c, between the pseudoimage of the letter (q) and the blur circle ({), corresponding to any point of the letter at this distance is about q/g = 2; the exact value depends on the difficulty of recognition, in agreement with previous experiments. This ratio represents the sharpness of the image in a geometrical treatment of image formation, providing a geometrical criterion for recognition. Reduction in contrast can be compensated by improving the geometrical sharpness; i.e. bringing the object closer to the subject's are point. Our results show that the increment of q/c as a function of the contrast is between C = 0.1 and 1.0. We suggest that a similar geometrical criterion for recognition could be used for any contrast (at least down to C = 0.1 and defocus > 1 D), provided that the proper value of q/c is used in each case. On this basis we propose a purely geometrical model, which agrees well with the data and predicts the relationships between tolerance to defocus, contrast and visual acuity; including the well-known relation between visual acuity and defocus when contrast is unity.
INTRODUCTION
Vision of defocused objects is a common occurrence. A typical example would be an uncompensated myope or hypermetrope viewing an object placed beyond his far point or closer than his near point respectively. Several ways of evaluating the effect of defocus on vision have been proposed; detection of blur (Campbell, 1957) , visual acuity (Tucker & Charman, 1975; Legge, Mullen, Woo & Campbell, 1987) ; or the contrast sensitivity function (CSF) (Legge, Rubin & Luebker, 1987; Campbell & Green, 196.5; Green & Campbell, 1965; Charman, 1979) . However, acuity and CSF are resolution (or recognition, depending on the task) and detection thresholds respectively. Therefore, it is difficult to predict from these measurements whether the subject could or could not recognize an object (e.g. a letter), whatever the viewing conditions, since mechanisms other than just threshold detection are involved (Bouma, 1971; Lupker, 1979) .
Swaine (1925-l 926) showed experimentally that a letter becomes recognizable at a distance at which the relationship between its pseudoimage (q) and the blur circle (5) corresponding to any point of the letter is at least q/t = 1.92, this value being approximately the same for all of the letters. In a purely geometrical treatment of image formation by the eye, this relationship describes the sharpness of the image, i.e. the retinal image improves with increasing q/r. The same experiment was repeated by Guillemot (1947) with similar results. The interesting point is that Guillemot found that the letters fell into three groups, each of which had a different threshold value of ~15. On the other hand, in their study of tolerance to visual defocus, Legge et al. (1987) showed how much defocus can be tolerated when the task is the recognition of characters of a given size. For example, defocus up to 2 D can be tolerated when the task is to read 20/100 letters (subtending 25 arc min). However, in these experiments the contrast of the letters used was always unity. Nevertheless, Elliot, Whitaker and Bonette (1990) using the Pelli-Robson chart, established some differences in the legibility of focused letters both at contrast threshold and acuity threshold.
We wished to repeat the SwaineeGuillemot experiment using different contrasts with the aim of studying to what extent a reduction in contrast can be compensated, for recognition purposes, by an improvement of the geometrical sharpness (q/t), i.e. bringing the letter closer. In the first part of the study we repeated the experiment with contrast unity for all letters of the alphabet and established a three-group classification similar to that used by Guillemot.
After selecting two (Ginsburg, 1986 (Ginsburg, ). 1980 . Figure 2 shows the variation of q, 5, q/t and q + 5 as a function of the object distance, in accordance with equations (l), (2) (4) and (5), taking g = 0.92, BASIC THEORY 6 = 13mm, d,=2.1 mm, and R,= -5.5D.
In a purely geometrical treatment of image formation by the eye (LeGrand & El Hage, 1980 ) the size Y', of the METHODS retinal image of an object of size y, located at a distance x (or X, in diopters) beyond the observer's far point, is
The experiment was performed with a two-channel given by system shown in Fig. 3 . Channel 1 forms the image of a letter with contrast C = 1 (black letter and background
luminance L, ) on a diffusing screen. The average size of where q is the size of the pseudoimage and [ is the size the letters was 15.6 mm, which was approx. 5.2 times the of the blur circle corresponding to any point of the object size of the smallest detail. Channel 2 allows us to vary th e contrast by superimposing a beam of luminance L, . at the distance x (see Fig. 1 ):
It should be noted that q may be expressed by
The contrast of the letter is given by
where up is the angle subtended where L, is the background luminance (L, + L2) and L, by the object at the is the test luminance (L2), so that entrance pupil (P,), i.e. up = y/x = yX; D is the refractive power of the eye and R, is the pupillary refraction:
where P is the power of the lens and 6 is the distance between the lens and the entrance pupil, g is the pupilar magnification (i.e. g = d/,/d,, where d', and d, are the diameters of the exit and entrance pupil respectively). On the other hand, 4 is given by the expression:
Contrast was varied by adjusting L, and L2, L, remaining constant at a level of approx. 400cd/m*. To defocus the test from a point close to the observer to infinity, a lens of + 6 D was placed at 12 mm from the cornea1 vertex, so that a pupillary refraction of approx.
-5.5 D was induced, according to equation (3).
The measurements consisted in determining the maximum, or threshold distance, at which the letter could be recognized, using the methods of limits. The first limit was determined by bringing the letter from the infinity P P'
; 1 Distance (cm) FIGURE 2. Theoretical variation of the pseudoimage (q). blur circle (5) and retinal image (y') sizes, and the sharpness threshold (q/t) as a function of the object distance, according to equations (2), (6), (1) and (7) to the subject's far point, and the second limit by moving the letter away from a point where it was seen still focused, until it could not be resolved. The tasks involved in the determination of the first and second limits are not exactly the same, because in the second limit the subject knows the letter to be recognized beforehand. The distance corresponding to the second limit is therefore slightly less than that of the first limit. However, both limits show the same contrast dependency, so the mean value can be taken as the recognition threshold. This implies a less defocus at threshold recognition distance than would be obtained with only the first limit. Each limit was determined 15 times and the mean value and the corresponding SD were calculated. Finally, the average of the two limits was taken. From this value, q /< was calculated using equation (5) with its corresponding error. Before each session the subjects were adapted for 5 min at the luminance level of the experiment. All the measurements were obtained from two emmetropic subjects with normal visual acuity and normal contrast sensitivity. A 2.1 diameter artificial pupil and monocular vision were used. The pupil was placed in a trial frame and centered using a centering disk. The observer rested his chin and forehead on a support to maintain viewing distance and head orientation.
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RESULTS
Figure 4 displays the results corresponding
to the first experiment,
showing the sharpness at threshold distance (q/c) for each of the letters. These results were used to classify the letters into three groups according to the value of the sharpness at threshold distance: "high difficulty" if the sharpness at threshold is between 2.03 and 2.26 (G, Q, M, R, W, E, F, B, N); "intermediate difficulty" if the sharpness at threshold is between 1.76 and 2.00 (P, H, A, Y, S, X, K, L, C, B, U, J, Z, D, T); and "low difficulty" with a sharpness at threshold of 1.38 (0) and 1.30 (I). Quantitatively, these values are very similar to those obtained by Swaine (1925 Swaine ( -1926 and Guillemot (1947) . The classification into three groups is very similar to that proposed by Guillemot with some exceptions (Q, F, P, G, Z, H). However, this may simply be due to the different shape of the characters used to represent the letters. Classification into levels of recognition difficulty may be justified by the presence of increasingly higher spatial frequencies which progressively reduce tolerance to defocus (Rubin & Siegel, 1984; Legge, Pelli, Rubin & Schleske, 1985) . In fact, on the basis of global-to-local models for letter recognition, low-difficulty letters can be distinguished by their general shape (global information), i.e. low frequencies. Conversely, high-difficulty letters require a high frequencies analysis (local information) (Bouma, 197 1; Lupker, 1979; Elliot et al., 1990) .
On the basis of these results, we chose two letters from each group which were then used for the second experiment. The chosen letters were: G and E (high difficulty, q/t = 2.26 and 2.10 respectively); H and Z (intermediate difficulty,
1.97 and 1.79 respectively); 0 and I (low difficulty, 1.38 and 1.30 respectively). Figure 5 shows the results obtained for both observers for the letters E, H and I. It can be seen that the results are very similar for both observers and this is also true for the other letters (G, Z and 0). Henceforth, we will show the average of the two observers for greater clarity. Figure 6 shows, for the average observer, the variation of the sharpness at threshold distance as a function of the contrast for the group of six letters selected. It is obvious that the six letters show the same behavior: an approximately linear (correlation coefficient 0.99) increment of the sharpness at threshold distance as contrast decreases can be seen from C = 1 to 0.1. Although the experiment has been performed only with these six letters, a different behavior for other letters is not expected.
The ( The determination of the threshold distance of recognition implies certain tolerance to defocus (TD) given (in absolute value) by:
i.e. TD is the dioptric defocus at threshold recognition distance.
On the other hand, the size of the letter (y) is constant.
Thus, if we define visual acuity (VA) as follows:
where k = 5.2/y, then for a given a recognition distance, the tolerance to defocus and visual acuity are linked, from equations (9) and (lo), by the equation:
In these conditions, we cannot directly deduce a relationship between visual acuity and contrast, as each point assessed would correspond to a different defocus. Nor can we deduce a relationship between visual acuity and tolerance to defocus, as the contrast would be different at each point. In other words, each of the three parameters depends on the value of the other two. In particular, visual acuity must become a function of contrast and defocus and, therefore, it is logical to carry out a three-dimensional representation (VA, C, TD) of the results obtained.
The experimental points represented in Fig. 6 (in particular, those corresponding to letter H) are plotted again in Fig. 7 in terms of these variables and they must belong to the surface VA =.f'(C, TD). This surface can be modeled through purely geometrical considerations.
Indeed, if sharpness is reformulated from equations (2), (4). (9) and (IO) and u is expressed in arc min, we obtain: 
This equation generates the surface shown in Fig. 8 .
DISCUSSION
The first condition that the proposed model must satisfy is that the experimental results should lie on the surface generated by equation (13). To test this, we may represent the projections of the geometrical locus of experimental points from Fig. 7 on TD = 0 and C = 1 planes. If we calculate the VA theoretical values for the same pairs (C, TD) using equation (13), we will obtain a new geometrical locus, whose projections on TD = 0 and C = 1 planes may be directly compared with the ones obtained formerly. Such a comparison is shown in Fig. 9(a, b) . It is clear that the surface generated by equation (13) accurately fits the experimental results. Figure lO(a, b, c) shows the cuts corresponding to C = const, TD = const and VA = const planes. From and n = 1, VA is 0.11. Although Legge et al. really produced a defocus and determined VA, they understood that this equation can be considered as a measurement of tolerance to defocus to obtain a given value of VA. As C decreases, the curve VA = f(TD) is shifted towards lower VA values (i.e. q decreases), with a reduced curvature (i.e. n increases). From Fig. 10(b) it can be seen that for any TD value (> 1 D), VA is also a hyperbolically increasing function of the contrast. In the literature results can be found that indicate that VA rises with contrast when the letters are focused (Conner & Ganoung, 1935; Byram, 1944; Legge ef al., 1987) . However, the increment with the contrast would be proportional to log C (Conner & Ganoung, 1935) or JC (Legge et al. 1987) . In either case, the variation would show a decreasing slope, which seems to contradict the dependence shown in Fig. 10(b) , where VA increases with C but with an increasing slope.
C. ILLUECA ef al
However, the two situations cannot be compared, since in our case the recognition of the letter is carried out with the greatest possible tolerable defocus, and thus, the curve VA =f(C) for defocus zero does not belong to the surface represented.
Finally, from Fig. IO(c) we can deduce that the link between contrast and tolerance to defocus to reach a given value of VA is also of a hyperbolic type. It is interesting to note that if C = 1 in equation (13) we obtain VA = 0.36/TD which enables us to recover (in our experimental conditions, with d = 2.1 mm) the wellknown relationship between the VA and ammetropia for an object at infinity (Le Grand & El Hage, 1980) because in this case defocus is just the ammetropia. This relation only applies if ammetropia is > 1 D, in agreement with the proposed model. The implications described above are only an empirical testing of the model. Nevertheless, this testing is not enough to answer the two key questions that are suggested by the experimental results. Why is q/S approximately equal to 2? Why does y/t vary linearly with contrast? To answer these questions, we have compared our model with a more conventional one of image quality based on the MTF of a defocused system, and with the letter-recognition models based on Ginsburg's studies on spatial frequency filtering.
We start from the condition given by the frequency of the first zero (in the geometrical approach) of the MTF of a defocused system, since above this value we will get spurious resolutions.
This condition can be expressed as (Smith, 1982) :
The frequencyf, (in c/deg), can be written asf; = cpl/u where cpl is the number of cycles per letter and u is the angular size. This equation can easily be stated in terms of q and 5. Since D = R, -X, equation (14) becomes cpl r/q = 1.22. Substituting the experimental value of v/t at threshold recognition distance when C = 1, we obtain cpl = 2.43. This result agrees with the basic conclusion deduced from the filtering models (Ginsburg, 1986): 1.5-2.5 cpl are needed for recognition (depending on the letter). This answers our first question. Although this result has been obtained from a resolution limit, if the spatial frequencies involved are low enough, resolution and recognition tasks can be considered to be very similar (Ginsburg, 1986) . Following the same argument, we can now calculate the frequency of the first zero of the MTF, substituting for each contrast in equation (14) the defocus corresponding to the recognition threshold distance. We find that ,fi increases linearly with contrast: fi = -4.19C + 6.52, with a correlation coefficient of 0.99 (Fig. 11) . If this is so, the area below the MTF (always in the geometrical approach) will also increase linearly with contrast.
This area can be viewed as a conventional parameter of optical quality (since it can be related to the Strehl ratio) (Williams & Becklund, 1989 our definition of geometrical sharpness ~15. This answers our second question.
In conclusion, we have developed a geometrical model for letter recognition that can be used for contrasts between I and 0.1 and defocus in the range l-5 D. This encompasses a wide range of normal viewing conditions, and covers both contrast and ammetropias. However, the model has a limited validity since the system must be considered as aberration free, that is, the pupillary diameter must be less than approx. 2.4 mm (Campbell & Gubisch, 1966) and the spatial frequencies involved must be sufficiently low. Both requirements are met in our experiment.
